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V A STRACT

In the analysis of the KY-537/U channel vocoder for the
Bureau of Ships, a study was performed of the pitch variations
in the vocoded digital data signal using three untrained male
speakers. The results obtained have been compared to
published data for the pitch perturbations in natural speech

~ - for trained speakers. The comparison indicates that sta-
tistically the variations in pitch between successive voiced
vocoder frames were zero' a much larger percent of the time
than found in natural speech, and also that large changes
in pitch occurred more often than in the reference data.
This is partly the result of using a quantization interval
in the vocoder that is too large to permit encoding the small
pitch variations which account for most of the pitch pertur-
bations that occur in natural speech. The extension of this
work using a larger number of speakers under different stress
and background noise conditions would yield data of value on
the adequacy of the pitch extractor in presently designed
channel vocodersi the need for speaker training, and possible
constraints on vocoder use.

PROBLEM STATUS

This is the final report on the analysis of the KY-537/U
Vocoder; work on other phases of the problem is continuing.

AUTHORIZATION

N.RL Problem Number 54R01-19
BUSHIPS Subproject SF 006-11-01 Task 7260
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PITCH VARIATIONS IN VOCODED VOICE

.NTRODUCTION

The U. S. Naval Research Laboratory (NRL) has been
3ngaged in a general problem for the Bureau of Ships (BUSHIPS)
aimed at improvement of the capability of handling digital
data at rates up to 2400 bits/second for transmission on hf
radio. One of the requirements is for the transmission of
encrypted voice signals. Recent work (a) in this area in-
cluded a Laboratory evaluation of a late model, 16 channel,
pitch-excited vocoder (KY-537/U). In addition to the work
reported on in reference (a), a brief study was performed of
-the pitch variations in the vocoded digital data signal.

This study was prompted by the work of P. Lieberman (b),(c) of
the Air Force Cambridge Research Laboratory on pitch
perturbations in normal speech, and by the work of Tierney
-and Gold (d), (e) of Lincoln Lab6ratory. This latter work
-showed that vocoded synthesized speech could be improved if
-an accurate measure were made of voiced/unvoiced condition,
=accurate pitch extractors- were used, and a technique called
-spectral flattening were used in the synthesizer to reduce
.amplitude distortion at the channel modulators.

The study undertaken in this experiment was to obtain a
,statistical expression for the variation in pitch between
-successive voiced vocoder frames. The results were compared
.to published data of the pitch variations occurring in normal

speech.

zPITCH VARIATIONS IN NORMAL SPEECH

Some of the concepts used in the design of pitch-excited
vocoders are (1) the voice pitch varies slowly enough that

Sa sampling rate of 40 to 50 samples/second may be used, (2)
the minimum frequency quantization interval may be three to
five cps, and (3) speech is either voiced or unvoiced.
Lately, these concepts have been changing as evidence has
been obtained that performance of vocoders may be improved

Swith better pitch indication. In reference (b), Lieberman
studied the pitch of normal speech and concluded that the
majority of the variations in pitch are small perturbations
which are essential for the naturalness of speech, and that
statistically the variations differ at the onset and end of
voicing and for different emotional modes. In -86 percent
of the periods examined, the pitch was not steady over a
sample time equal to three cycles of the pitch frequency.
The change in pitch period (AT = Tn - Tn.l) w4zs greater
than 0.6 milliseconds 20 percent of the time and greater
than 1.0 milliseconds 15 percent of the time. The durations
of the pitch periods were measured with a resolution of
200 microseconds. Later work by Lieberman using 50 micro-



• •seconds resolution resulted in smaller perturbation values,
•FOr six male speakers with similar median pitch frequencies,
the perturbations were ; 0.5 milliseconds 15 percent of the

time. In this work one of the conclusions was that
perturbations ; 0.5 milliseconds reflected variations in

the vocal cord vibratory cycle. The term perturbation
factor (Pr) was given to the measurement of the percent of
time that a speaker's pitch variations were ; 0.5 milliseconds.

The degree to which a rocoder can reflect the small
perturbations less than 0.5 milliseconds, which account for
85 percent of the pitch variations, depends on the accuracy
of the pitch extractor and the frequency quantization interval
used. For example, in order to have a resolution of 0.5
milliseconds at a pitch frequency of 70 cps the frequency
quantization interval would have to be not more than 2.5 cps

1 1 -3
(i.e. 7 - 72.5 = 0,49X10 sec).

Some of the recordings used in reference (c) were used
also by Shaffer (f) in his study of the information rate
necessary to transmit pitch period durations for connected
speech. One of the conclusions reached in this work was
that the average range of variations of the pitch period
duration within a voiced portion was 1.5 milliseconds.
Also, that the voiced portions having from 6 to 20 pitch
periods were all approximately equally likely and constituted
about 50 percent of the sample populatior. The shortest
voiced portions had two pitch periods an4 the largest 95
pitch periods. In this study by Shaffer all portions of
speech were classed as either voiced or unvoiced. In the
development of computer techniques for the extraction of
speech parameters, Weiss and Harris (g) formulated rules
to identify the portions of speech which contained both
voiced and unvoiced energy. Information was not given as
to the percent of time such a condition may be found to
exist. As yet, no pitch-excited vocoders permit recognition
or synthesis of speech containing both voiced and unvoiced
energy. The pitch extraction and voicing circuitry of the
KY-537/U vocoder is essentially the same as that of the
older HY-2 vocoder, differing principally in the encoding
method.

KY-537/U VOCODER VOICING CIRCUITRY AND PITCH EXTRACTOR

In the 2400 bits/second mode of operation, one frame
of data in the KY-537/U vocoder consists of 54 bits repeated
at 44.44 frames/second. Six bits of each frame are devoted
to the transmission of a binary number of one to sixty-three
representing the pitch frequency during a voiced condition.
An unvoiced condition inhibits the pitch encoding function
resuloting in the transmission of six bits with logic values
of zero. The voicing indicating circuitry determines th-at
the speech sound is voiced if the energy in the frequency
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range of 200 to 800 cps is greater than the energy above
4400 cps. A voiced conditior must exist for at least 20
milliseconds before a voiced condition is recognized.
This is equivalent to two pitch periods at 100 cps.

The pitch extractor Circuitry consists of a 350 cps
low pass filter and a variable frequency filter (tracking
filter) followed by a waveform shaping circuit, a constant
current generator, and a low pass filter. The output of
the low pass filter is a slowly varying dc voltage
proportional to the basic voice pitch of the talker.
This dc signal is encoded into a binary number for trans-
mission. Each number represents one of sixty-three
frequencies spaced approximately 3.6 cps apart between
74 and 300 cps. (The accuracy of the pitch extractor
and encoder was verified with a steady state signal.)
The pitch analysis and encoding takes place nine times
during each frame period, but transmission occurs only
once per frame. In the 1200 bits/second mode, the frame
rate is still 44.44 frames/second, but only four pitch
sampling periods occur during a frame period.

EXPERIMENTAL PROCEDURE

The basic procedure used was to select, out of the
serial stream of data from the transmitting vocoder, the
six bits in every frame representing pitch frequen.. and
to read these into a small digital computer (G-15D) 24
bits at a time. Each 24 bits form one computer word.
The selection and reading was under the control of a
computer program which permitted storage of pitch data
from a maximum of 3200 successive frames. This is
equivalent to 112 seconds of data. A simplified block
diagram of the system is shown in Figure 1. A framing
pulse f-rom the vocoder receiver, preceding the first
bit of pitch data in every frame, was used to recognize
the pitch data in the serial stream. These pitch bits
were clocked into a 24-bit shift register six bits at
a time by the vocoder clock. After four frame periods,
the data in the shift register were read into the
computer by the computer's 100 kcps clock.

The audio input to the vocoder consisted of three
male speakers reading 100 short questions such as
follow:

What letter comes between A and C?

Are moths dangerous to clothing?

How many states are in the United States?
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These questions were part of the speech material that was
Sused to assess the voice communication efficiency of the

operational Soft Talk System. The three speakers used in
the present experiment were not trained talkers.

• VComputer programs were prepared to operate on the
stored data to provide the following outputs:

1. A printed record of the stored data in decimal
numbers (P) of zero to 63

2. A distribution of the percent of time the pitch
number corresponded to each of the possible values of 1
through 63

3. A distribution of the percent of time the pitch
number corresponded to each of the 63 possibilities at
the onset of voicing

4. A distribution of the percent of time the pitch
number corresponded to each of the 63 po3sibilities at the
end of v'oicing; when a voiced period was equal to a single
frame period, the pitch frequency was tabulated in both the
onset of voicing and the end of voicing distributions

5. A distribution of the percent of time the change
in pitch number (AP = P - P 1) between two successive
voiced frames corresponded to-each of the possible values
of zero through 62

6. A distribution of the percent of time the change in
pitch number between the first two voiced frames at the
onset of v'icing corresponded to each of the possible values
of zero through 62

7. A distribution of the percent of time the change in
pitch number between the last two voiced frames at the end
of voicing corresponded to each of the possible values of
zero through 62, by definition, a voiced period equal to a
single frame period was not included in any of the AP
distributions

8. A distribution of the percent of time the change
in period (AT = T - Tnl) of the pitch signal between
two successive voiced frames occurred in each of 92 ranges
between zero and 5.6 milliseconds.

RESULTS

,Information regarding the pitch frequency of a voiced
signal is encoded as a -single frequency for" each frame
period of 22.5 -milliseconds. Figure 2 is a plot of the
percent of time the pitch frequency of three speakers was
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encoded as the pitch number P. The encoded pitch in cps
is approximately equal to 70 + 3.6 P. (The lines connecting
the points of data in all figures involving P and AP are for
the convenience of the reader and do not imply a continuum
of data.) The encoded pitch data for speakers ONE and TWO
were very similar. In each case, approximately 50 percent
of the data was concentrated within the range P = 11 to
P = 15, or from approximately 110 cps to 124 cps, The
peak at P = 15 was six tc ten percentage points nigher
than either of the other two peaks within this range.
The pitch frequency for speaker number THREE was much lower
than the other speakers. Approximately 67 percent of the
data was within the range of P = 3 to P = 7, or from
approximately 81 cps to 96 cps, Again the data contained
three peaks, but they were of nearly uniform amplitude.
The reasons for the three -peaks are not known.

It should be pointed out that when the audio input to
th'e vocoder is from a magnetic tape loop, repeated encoding
of the same recorded word or message does not always yield
identical encoded pitch patterns. This could be because
the vocoder pitch sampling periods may occur at different
points within the message each time it is replayed. If the
vocoder were available for further work, it would be of
value to determine the degree of variation in the pitch
patterns for repeated transmission of a recorded message.
Too large a variation between pitch patterns could be an
indication either that the sampling rate is too low, or that
the pitch extractor has time constant problems. If the data
is studied at the pitch encoder, the sampling rate is 400
samples/second rather than the 44.44 samples/second obtained
when the encoded pitch £. extracted from the serial data
stream.

Figures 3 and 4 show the percent of time the pitch
frequency of the three speakers was encoded as the pitch
number P at the onset and end of voicing, respectively.
The peak occurring at P = 15 for either speaker ONE or
speaker TWO was very prominent at the onset of voicing
(Figure 3) and much reduced at the end of voicing (Figure 4).
This indicates the tendency to begin voicing at a particular
pitch with less constraint at the end of voicing. Speaker
TWO used a larger range of pitch at the onset and end of
voicing mord often than did the other speakers.

Figure 5 shows the pitch patterns for three single
syllable words spoken by talker number TWO. For the- sample
words chosen, the word SCOUT resulted in a pitch pattern
where the pitch was gradually decreasing from P = 17 to
P = 4 in eleven frame periods. The pitch pattern for the
word ACT was U-shaped lasting for 12 frame periods and
having pitch numbers between 10 and lic. The third word,
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T
DWARF, had a pattern where the pitch fluctuated at the
beginning of the word and was steady for a large part of

A the time within the word. A gradual increase in pitch
N • from P = 6 to 'P = 11 in 18 frames was the general trend

in the pattern. These three pitch patterns illustrate
the different shaped pitch patterns obtained. Also,
they show the range over which the pitch varied within
a given word. The median AT for the three words was 0.3,
0.3, and 0.-6 milliseconds, respectively.

The three talkers used in this experiment were not
trained speakers. Use of recordings of typical. users of
vocoders under different stress and background noise
conditions would yield data of value on the adequacy
of the pitch extractor,, need for speaker training, and
possible constraintq on vocoder use.

The data in Figures 2, 3, and 4 have been replotted
in Figures 6, 7, and 8 to consolidate the data for each
speaker.

Figure 9 is a plot of the percent of time that the
change in pitch frequency between two adjacent voiced
frames resulted in a.shift in the encoded pitch numbers
equal to AP = Pn - Pn-l. The shift in cps is approximately
equal to 3.6 (AP). For speakers ONE, TWO, and THREE
respectively_, AP was equal t9 zero for 16.5 percent,
31.5 percent, and L5 percent of the time. The range of
16.5,percent to 45 percent for the measured percent of
time tha-c AP was equal to zero for three speakers is a
wide spread and is in conflict with Lieberman's data for
nor a1 speech. Lieberman found that in only 14 percent
of Lhe periods examined that the pitch was steady over a
sample time equal to three cycles of the pitch frequency.
This was not dependent on the speaker's fundamental pitch
fre'ýuency. The quantization interval was 200 microseconds,
The ase of a constant frequency quantization interval in the
vocode.r makes a direct coinparis-n with Lieberman's data
difficult. Table I shows the results of a comparison based
on the median pitch period. Speaker ONE had a median pitch
frequency of approximately 117 cps. Thus, the measurement
period of one frame time was equivalent to approximately
2.7 pitch periods at the median frequency. This is compared
to a measurement period of three pitch periods in the
reference work for natural speech. The quantization interval
in the present work was 3.6 cps or approximately 260 micro-
seconds at the median frequency. This is compared to 200
microseconds used by Lieberman. In the vocoder data for
speaker ONE, no pitch variations occurred 16.5 percent •f
the time compared to 14 percent for normal speech. Such
a close agreement as this was not obtained for the other
two speakers. Although speaker TWO had a median pitch
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frequency near that of speaker ONE, the data for speaker
TWO shows no pitch variations between successive frames
twice as often as for speaker ONE. For speaker THREE the
median pitch frequency was approximately 88 cps, which
gave approximately 2.0 pitch periods in the frame time.
The quantization interval was equivalent to approximately
460 microseconds at the median frequency, or 2.3 times
that used by Lieberman. This could be one of the reasons
why the results show no pitch variations for 45 percent
of the time.

Figures 10, 11, and 12 show the results of converting
pitch frequencies to period (milliseconds) enabling changes
in pitch to be expressed as changes in period (AT). The
data for speakers TWO and THREE for AT > 0.6 milliseconds
are in fair agreement with the reference data obi:•ined with
a 50 microsecond quantization interval. Speaker ONE'S data
for AT > 0.6 milliseconds corresponds closer to the
reference data obtained with 200 microseconds quantization
intervals. The AT data for the vocoded speech are quantized
in intervals of 200 microseconds. The quantizing of data
can result in a graph that may be misleading when the data
being quantized are not continuous. I-n this case, the AT
data are not continuous; this is the result of shifting the
pitch frequency in equal frequency increments. Therefore,
a second curve is plotted in Figure 12 showing the AT
data quantized in 100 microseconds increments for AT > 1.0
milliseconds. This is a truer picture of the condition
that existed. It shows fair agreement with the reference
data at AT = 0.4 milliseconds and clearly shows the iiability
to express small pitch period variations with a freqtency
quantization interval as large as 3.6 cps when the median
pitch frequency is as low as 88 cps.

Figures 13 and 14 show the percent of time th'at the
change in pitch number between two adjacent voiced frames
equaled AP at the onset and end of voicing, respectively.
For these conditioiis, variations between speakers maintained
the same general relationships as were di3cussed in reference
to Figure 9 when all AP data were used. The data in Figures
9, 13, and 14 are replotted for the individual speakers in
Figures 15, 16, and 17. The data fo speaker ONE, Figure 15,
shows a larger pitch modulation than that of the other
speakers. Also, it shows that there was an extremely small
difference in AP at the onset and end of voicing from the
AP for all events. For speaker THREE, the tendency to
modulate more at the onset of voicing than at other times
is clearly evident. This is net to imply that large changes
in pitch between successive frames are to be desired., On the
contrary, the reference data shows that while large, sudden
changes in pitch do occur in natural voice signals, it is
the small perturbations, less than 0.5 milliseconds, which
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account for 85 percent of the variations in pitcht The
AP data for the three conditio;is (all events, onset of
distbvo- tgo and end io; ) e plotted cumuiative
distribution curves in Figures 18, 19, and 20. From
Figure 18 it may be seen that AP was ; 5 approximately
16 percent of the time for speaker number ONE. In
comparison, for the same percent of the time AP was 5 2
for speaker number THREE. Stated another way, AP was

2l 16 percent of the time for speaker number THREE and
58.5 percent of the time for speaker number ONE.

SUMMARY

According to references (b) and (c), pitch variations
in natural speech occur almost continuously. The instant-
aneous changes in pitch periods are predominantly less than
500 microseconds in magnitude and are considered essential
foi, maintaining the naturalness of speech. The resu~ts of
analyzing the pitch variations in the digital vocoded speech
of three untrained male speakers at this Laboratory show
that

-1 The pitch variations between successive voiced
vocoder frames (22.5 millisecond intervals) were equal to

-or greater than 500 microseconds for 31 percent to 54 percent
of the time, depending on the speaker. This was approximately
2 to 3.6 times as often as the average given in reference (c)
for natural speech for trained speakers.

2. No pitch variations occurred between successive,
voiced vocoder frames for 16 percent to 45 percent of the
time depending on the speaker. This, also, was a larger
percentage of the time than found in natural speech for
trained talk.rs.

The extension of this work using recordings of typical
users of vocoddrL, under different stress and background
noise conditions would yield data of value on the adequacy
of the pitch extraction in presently designed vocoders,
need for speaker training, and possible constraints on
vocoder use.
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